Abstract An investigation was made to study the processes of fed-batch cultures of a hybridoma cell line in chemically defined protein-free media. First of all, a strong growth-associated pattern was correlated between the production of MAb and growth of cells through the kinetic studies of batch cultures, suggesting the potential effectiveness of extending the duration of exponential growth in the improvement of MAb titers. Second, compositions of amino acids in the feeding solution were balanced stepwisely according to their stoichiometrical correlations with glucose uptake in batch and fed-batch cultures. Moreover, a limiting factor screening revealed the constitutive nature of Ca 2+ and Mg 2+ for cell growth, and the importance of their feeding in fed-batch cultures. Finally, a fed-batch process was executed with a glucose uptake coupled feeding of balanced amino acids together with groups of nutrients and a feeding of CaCl 2 and MgCl 2 concentrate. The duration of exponential cell growth was extended from 70 h in batch culture and 98 h in fed-batch culture without Ca 2+ /Mg 2+ feeding to 117 h with Ca 2+ /Mg 2+ feeding. As a result of the prolonged exponential cell growth, the viable and total cell densities reached 7.04 · 10 6 and 9.12 · 10 6 cells ml -1 , respectively. The maximal MAb concentration achieved was increased to approximately eight times of that in serum supplemented batch culture.
Introduction
Among the approaches employed in mammalian cell culture processes, fed-batch culture has been one of the most widely used, due to its operational simplicity and higher yields of products on media as compared with those of batch, perfusion and continuous cultures (Xie and Wang 1994; Bibila and Robinson 1995; Zhou et al. 1997; de Zengotita et al. 2000; Dhir et al. 2000) . The fundamental principle behind the success of fedbatch cultures lies in their capabilities to significantly increase the viable cell densities and to prolong the culture longevities at the same time (Luan et al. 1987; Miller et al. 1988; Bushell et al. 1994; Zhou et al. 1995; Xie and Wang 1996; Xie et al. 1997) . In practice, an effective feeding strategy should avoid the occurrences of nutrient limitations while minimizing the formation of metabolic byproducts such as lactate and ammonium (Wohlpart et al. 1990; Ozturk et al. 1992; Bushell et al. 1994; Xie and Wang 1994; Zhou et al. 1995; DiStefano et al. 1996) . Previously, feeding strategies using stoichiometrically balanced amino acids in conjunction with measurable process parameters such as viable cell density, oxygen uptake rate (OUR) and glucose concentration were successfully employed in fedbatch cultures of mammalian cells (Ramirez and Mutharasan 1990; Duval et al. 1991; Xie and Wang 1994; Zhou et al. 1995; Stoll et al. 1996) .
The optimization of cell culture media frequently necessitates the accurate information about medium components. Besides glucose and amino acids, the complex physiological requirements of mammalian cells may render other nutrient species limiting to cell growth, such as vitamins, lipids, phosphates and salts (Bibila and Robinson 1995; Xie and Wang 1996; de Zengotita et al. 2000) . However, a thorough analysis of all the components in culture media is technically challenging, costly and time consuming. Therefore, the establishment of alternative methods which are able to efficiently determine limiting factors is critical to the successful optimization of culture media. Medium dilution or component deficient media have been used by several groups to determine limiting elements triggering apoptosis among amino acids and proteins (Mercille and Massie 1994; Franě k 1995; Franě k and Š rá mková 1997; Fassnacht et al. 1998; Simpson et al. 1998) . These approaches could also be properly adapted for the general purposes of limiting factor screenings among nutrients and toxicity assessments of metabolites such as ammonium.
Besides the physiological requirements for organic nutrients, the presence of a variety of minerals in culture media is essential to the growth of mammalian cells. Ca 2+ , one of the most important metallic cations, plays important roles in many intracellular physiological activities, such as signal transductions regulating gene transcription, cell mitosis and apoptosis (Crabtree 2001) . The other common cation, Mg 2+ , is involved in the ion transports across cell membranes and regulations of over 300 enzymes related to intracellular energy metabolism, fatty acids synthesis, ribosome stabilization and protein synthesis (Greenspan and Lowenstein 1968; Bais and Keech 1972; Guptas and Mildvan 1977) . Therefore, Ca 2+ and Mg 2+ may be considered as constitutive building blocks for cells and therefore their availabilities in the media may contribute to the total numbers of cells obtainable in spite of the possibilities of re-uses after their releases from non-viable cells.
The major goal of this work was to investigate the fed-batch cultures of hybridoma JJ-1 cells in chemically defined protein-free media to produce monoclonal antibodies (MAbs). Batch studies were first carried out to identify the relationship between the formation of MAb and growth of cells. An amino acid balanced feeding solution was developed by studying the stoichiometrical relationships between the consumptions of amino acids and glucose uptake in batch and fed-batch cultures. Based on the observation made in limiting factor screening, a feeding of Ca 2+ /Mg 2+ was implemented to the fed-batch culture in addition to the feeding of balanced amino acids with the other nutrient groups.
Materials and methods

Cell line and culture media
A murine hybridoma cell line, JJ-1, secreting MAbs against human tissue factor (hTF) was provided by Dr. Xintai Zhao, Shanghai Cancer Institute, China. Cells originally grown in DMEM supplemented with 10% FBS were adapted into and cultured routinely in a chemically defined protein-free medium (CD-HPFM). The CD-HPFM was a DMEM/F12 (1:1) based medium supplemented with non-essential amino acids (see Table 1 O 1 x 10 -6 mM), ethanolamine 3 ll/l, 2-mercaptoethanol 4 ll/l, and Pluronic F68 1.0 g/l. The concentration of glucose and glutamine was 17.5 and 4 mM, respectively, unless specified. All chemicals were purchased from Sigma Chemical Co. A 2 l Biostat M stirredtank bioreactor (B. Braun Biotech, Inc.) was used in this study.
Culture conditions
Cells were maintained in 125 ml shaker flasks on a rotary shaker (90 rpm) in a 37°C 5% CO 2 incubator and passaged every 2 days at a seeding density of 2 · 10 5 cells ml -1 . Cells in the mid of exponential growth phase were harvested by centrifugation from a l,000 ml shaker flask (250 ml working volume) and resuspended in fresh medium before the inoculation of the bioreactor. Operational parameters for the bioreactor were set as 37°C, pH 7.0, 50% of air saturation for the dissolved oxygen, and 70 rpm for impeller speed throughout the cultivation.
Analytical methods
Cell density and viability were estimated by a trypan blue dye exclusion method with a hemocytometer. The concentration of MAb was quantified by ELISA with a limit of detection of 50 lg l -1 with the confirmation of OD 280 measurement after protein A purification (Harlow and Lane 1999) . Concentrations of glucose, lactate and ammonium were measured with YSI 2300 STAT PLUS glucose/L-lactate analyzer and Model 95-12 ammonia electrode (Thermo Electron Co.), respectively. Amino acids in medium samples were analyzed by reversed-phase HPLC after precolumn AccQ.Tag (Waters Co.) derivation. Samples of medium were diluted 5-20 times and analyzed against references of amino acids with a limit of detection of 50 pmoles.
Determination of MAb production pattern
The mathematical relationship between the concentrations of MAb (P) and viable cells (X) can be expressed by the following equations: Table 1 Compositions of amino acids in the starting media, spent media, feeding media and calculated consumption ratios to glucose uptake C 0 , concentration in starting medium (mM); C r , residual concentration at growth stalling time point (mM) C f , concentration in feeding medium (mM); R i , calculated consumption ratio of amino acid i to glucose uptake
where k 1 is the yield for growth-associated antibody production (pg cell -1 ), k 2 is the specific productivity for non-growth-associated antibody production (pg cell -1 day -1 ), l is the specific growth rate of cells (day -1 ), q MAb is the general specific productivity (pg cell -1 day -1 ), and VI is the viability index (cells ml -1 day) as the integration of viable cell density over a time period.
From these equations, three general types of product formation patterns can be referred in relation to cell growth, i.e. growth-associated, non-growth-associated and partially growth-associated. These patterns can be identified experimentally by the examinations of kinetic results of batch cultures and plotting of product concentrations against the viability indexes (Merten 1988; Shen et al. 1996; Dutton et al. 1998) . For a predominantly growth-associated product, where k 1 l ) k 2 , the accumulation of product is expected to largely happen during the active multiplication of cells and thus the prolonging of exponential cell growth is probably a more efficient measure for the improvement of product titer. For a cell line that has a characteristic of complete (k 1 = 0) or significantly partial non-growth-associated product formation, however, extending the longevity of a high cell density culture can more effectively help the accumulation of a product.
Stoichiometrical balances among amino acids in feeding solution
Based on our early experimental observation that, the consumptions of both amino acids and glucose were directly proportional to the yield of JJ-1 cells during the exponential growth phase in batch cultures, A i/Glu , the consumption ratios of individual amino acids to glucose uptake were calculated with the following equations:
where q i and q Glu represent the specific uptake rate of amino acid i and glucose for the time period of t i -t i-1 , C i;t i and C i,t_i-1 represent the concentration of amino acid i at time t i and t i-1 , C Glu;t i and C Glu;t iÀ1 represent the concentration of glucose at time t i and t i-1 , C feed,i and C feed,Glu represent the concentration of amino acid i and glucose in the feeding solution, respectively.
Limiting factor screening
Five nutrient groups, including vitamins, TE, lipids, hypoxanthine and thymidine (HT), and Ca 2+ and Mg 2+ (Ca 2+ /Mg 2+ ), were screened for their potentials to cause limitations on cell growth. The types and concentrations of vitamins included were the same as those listed in DMEM/F12 (1:1). The TE and lipid groups were the same mixtures of salts, fatty acids, cholesterol and V E as described in the Materials and methods. The HT group consisted of Na hypoxanthine and thymidine at 2.39 and 0.365 mg/l, respectively. The Ca 2+ /Mg 2+ group was composed of CaCl 2 and MgCl 2 at 116.6 and 28.64 mg/l, respectively. Media of six different dilution levels of each group, 100, 87.5, 75, 50, 25 and 0% (complete CD-HPFM), were prepared by mixing the component-free CD-HPFM with the complete CD-HPFM at the ratios of 4:0, 3.5:0.5, 3:1, 2:2, 1:3, and 0:4. Aliquots of 3.5 ml were then added to each well in 6-well plates, followed by the inoculation at 2 · 10 5 cells ml -1 with 0.5 ml of cells in corresponding media before the incubation on a rotary shaker. Upon the completion of cultures, assessments were made to compare the maximal viable cell density under each condition to that in the complete CD-HPFM, X V max;dilu =X V max;com .
Fed-batch cultures
Fed-batch culture processes were studied with a feeding solution composed of four nutrient groups (vitamins, TE, lipids and HT) plus amino acids. The glucose and glutamine concentration was 1.1 and 0.3 mM in the starting medium, respectively. Cells in the mid of exponential growth phase were harvested to inoculate the 2 l bioreactor at the density of 2 · 10 5 cells ml -1 in 1.0 l volume. The glucose concentration in the feeding solution was 150 mM while the other nutrients were tenfold of their concentrations in the starting medium. To maintain the concentration of glucose above 0.25 mM, medium feeding was started at about 12 h and then performed according to the viable cell density and glucose concentration measured at every 4-8 h. The feeding volume was calculated with the equations below:
where V feed,i+1 represents the estimated feeding volume for the time period of t i+1 -t i at time t i , X i and V i represent the viable cell density and total culture volume at time t i , respectively. On the basis of the implementations of amino acids and limiting factor screening, the feeding of a Ca 2+ /Mg 2+ concentrate was further implemented to the fed-batch culture. The concentration of CaCl 2 and MgCl 2 in the feeding solution was 21 and 14 mM, respectively, 20-folds of those in the starting medium. Shot feeding was initiated when viable cell density reached 1.0 · 10 6 cells ml -1 (at about 50 h) and then performed at every 12 h.
Results
Batch cultures
When grown in DMEM with 10% FBS, as shown in Fig. 1 , JJ-1 cells typically were able to reach a maximal viable cell density of about 1.8 · 10 6 cells ml -1 with a final MAb concentration of 87 mg l -1 . After a weaning of more than 1,000 h, they were adapted to grow in the chemically defined protein-free medium CD-HPFM. after 70 h. The production of MAb increased dramatically to approximately 116 mg l -1 during the exponential growth phase of the first 58.5 h. In the stationary and decline phases of about 40 h, however, MAb formation slowed down dramatically and was accumulated to a final concentration of 136 mg l -1 . It should be noted that the levels of glucose, lactate and ammonium were probably not causing limitation or inhibitions on cell growth (Fig. 2b) . The MAb produced during the exponential growth phase accounted for approximately 85% of the total. Although there existed differences in maximal viable cell densities and product yields between the serum supplemented and protein-free cultures, JJ-1 cells generally remained a similar pattern between the cell growth and MAb formation under both conditions. Figure 2c demonstrates the relationship between the MAb formation and viability index in five individual batches of JJ-1 cells in CD-HPFM. The entire course of batch culture was divided into two distinct regions, representing a period of active product formation during the exponential growth phase and that of less productiveness after the cells entered the stationary phase. The slopes calculated by statistical regression for both regions represented specific productivities of 125 and 6.2 pg cell -1 day -1 during and after the exponential growth phase. From the above results, it is apparent that the production of MAb by JJ-1 cells was related to the exponential cell growth to a much higher extent than to the stationary and decline phases. That is to say, the MAb production pattern was strongly growthassociated for this particular cell line in spite of the continued product accumulation after the exponential growth phase. To effectively improve the yield of antibodies by JJ-1 cells, it is rational to focus on extending the time length of exponential growth phase rather than that of stationary and decline phases. Analyses of the residual amino acids in the medium at the stalling point of growth (58.5 h) revealed their different degrees of utilization by JJ-1 cells (Fig. 2d) . Tryptophan was excluded in the analyses because of technical reasons. Among all of the amino acids analyzed, it was found that methionine was totally exhausted with more than 50% consumptions for several of the others. The consumption ratios of amino acids to glucose uptake were calculated and used to formulate the initial feeding solution for fedbatch culture (Table 1) . Alanine, aspartic acid, glutamic acid and glycine were observed to accumulate by the cells during the culture and thus not given any further considerations in the design of feeding solution.
Stoichiometrical balance among amino acids in fed-batch cultures With the use of the feeding solution based on the results of batch cultures, the fed-batch culture of JJ-1 cells was studied with an emphasis on the Ala, Glu, Gly and Pro were omitted because they were accumulated during the cultures need of further adjustments of amino acid contents in the feeding solution (FB01). Compared with the results of batch culture in CD-HPFM, JJ-1 cells experienced a longer period of exponential cell growth of 88 h and reached a higher maximal viable cell density of 3.31 · 10 6 cells ml -1 , resulting in a more than doubled yield of MAb, 304 mg l -1 (Fig. 3a) . No further increase in MAb concentration was observed after the cell growth ceased. The analyses of residual amino acids at 88 h (Fig. 3b) and re-calculation of the consumption ratios of amino acids to glucose uptake (Table 1) apparently indicated the increased demands on some of the amino acids, especially isoleucine, leucine, lysine, methionine, phenylalanine, threonine, valine and tyrosine.
Based on these results, the feeding solution was modified to meet the changed requirements for these substrates (Table 1) .
As the result of the above modifications to the feeding solution, improvements were subsequently observed in both cell growth and MAb production. In fed-batch process FB02, as a result of the further extended growth period of 97 h, the maximal viable cell density reached 3.89 · 10 6 cells ml -1 with a dramatically increased MAb yield of 559 mg l -1 , compared to 3.31 · 10 6 cells ml -1 and 304 mg l -1 in FB01 (Fig. 4a) . Results also indicated that both glucose and glutamine were in abundance and were actually accumulated with the progression of the fed-batch culture, which were considered to be responsible for the potentially inhibitory even toxic levels of lactate and ammonium accumulated, 48 and 9.4 mM, respectively (Fig. 4b) . Analyses of residual amino acids at 97 h showed that their concentrations were neither lower than 50% of their initial values nor higher than 3 mM when the cells ceased to grow, suggesting that this feeding solution had probably achieved a stoichiometrical balance among amino acids at this stage (Fig. 4c) .
Limiting factor screening
Besides amino acids, the full spectrum of nutrient requirements for cell growth also includes a variety of other small molecules in chemically defined protein-free medium. A series of screening experiments were carried out to help identify the group(s) of nutrients which most likely became limiting during the fed-batch cultures of JJ-1 cells, including (1) vitamins, (2) TE, (3) lipids, (4) HT and (5) Ca 2+ /Mg 2+ . Since the upper limits of these nutrients were commonly found in standard cell culture media, the growth of JJ-1 cells responded positively to all these nutrient groups (Fig. 5) . However, the cells exhibited quite different sensitivities towards the concentration changes of these nutrient groups. When vitamins, TE, lipids and HT were diluted below 25% of their concentrations in the complete medium, the values of corresponding X V max;dilu =X V max;com (X Vmax,dilu was the maximal viable cell density achieved under each dilution condition, and X Vmax,com was the maximal viable cell density achieved with the complete CD-HPFM) still remained above 80%, suggesting that these nutrients existed relatively abundantly in the media and were at lower risks to become limiting. In the Ca 2+ /Mg 2+ limiting cultures, however, the highest viable cell density obtained was found to be basically in proportion to the levels of these ions available in the medium. Furthermore, the value of X V max;dilu =X V max;com dropped sharply within the dilution range of 25-75%, and went down to zero when both cations were diluted to 25% of their concentrations in the complete medium. These results suggested that these two cations were probably of constitutive nature to the growth of JJ-1 cells and a continual supply of them to the medium could have important impacts on the viable cell densities in fed-batch cultures.
Fed-batch culture with Ca 2+ /Mg 2+ feeding
On the basis of the FB02 run, a separate feeding of CaCl 2 and MgCl 2 concentrate was implemented to the fed-batch culture of JJ-1 cells. In the FB03 run, shot feeding of Ca 2+ /Mg 2+ at a constant dose (except the first feeding) and a time interval of 12 h was started when the viable cell density reached 1.0 · 10 6 cells ml -1 (50 h). The exponential growth of JJ-1 cells was further prolonged to 117 h as the result of the dual feeding (Fig. 6a) . The maximal densities of viable and total cells consequently reached 7.04 · 10 6 and 9.12 · 10 6 cells ml -1 respectively, significantly exceeding those of FB02 which received no Ca 2+ / Mg 2+ feeding. The highest concentration of MAb reached 707 mg l -1 , which closely followed the active multiplication of cells and maximal viable cell density achieved. Similar to what was seen in FB01 and FB02, the MAb concentration slightly decreased during the decline phase, supporting our previous observation that extending the culture beyond the exponential growth had a less significant impact on the accumulation of MAb for JJ-1 cells if not at all. Figure 6b illustrates that the concentration of glucose was generally maintained above 0.25 mM and ammonium experienced a gradual accumulation throughout the process and reached levels which might have significantly negative effects on the growth of cells. Analyses of residual amino acids in the medium at 117 h indicated further increased demands on arginine, leucine, isoleucine, serine, threonine and valine at this stage (Table 1) .
Discussion
Because of the high specificities to their targets, antibody products have found many important applications in the diagnoses and therapeutic treatments of diseases (Goel and Batra 2001; Taylor 2003; Li et al. 2002) . It should be noted that the success of antibody products has required a great deal of efforts made in order to improve the productivities and lower the costs for their manufacturing. One of the major obstacles to the improvement of process performance has been the low cell density in mammalian cell culture, compared with those in microbial processes. The complex cellular requirements for nutrients and high sensitivities to environmental factors have made the optimization of mammalian cell culture processes a challenging task (Xie and Wang 1994; Bibila and Robinson 1995; Zhou et al. 1995; Gong et al. 2005) . In this study, an investigation was made on hybridoma JJ-1 cells which secreted MAbs with potential applications in lung cancer treatments (Sawada et al. 1999; Salge et al. 2001; Chen et al. 2005; Minamiya et al. 2004 ). First of all, JJ-1 cells were found to characteristically exhibit a strong growth-associated pattern of product formation in both serum supplemented and chemically defined protein-free media. In chemically defined proteinfree batch cultures, the specific MAb productivity for the exponential growth period was found to be approximately 20 times of that for the stationary and decline phases (Table 2 ). This observation coincided with studies on several different hybridoma cell lines (Ramirez and Mutharasan 1990; Wohlpart et al. 1990 ), but was in contrast with the other results where the production of MAb predominantly happened after the exponential growth phase (Bloemkolk and Gray 1992; Sureshkumar and Mutharasan 1991; Suzuki and Ollis 1990) . Although it is generally accepted that the improvements in MAb formation can be realized by promoting cell growth and extending the survival time of high cell density cultures (Luan et al. 1987; Miller et al. 1988; Bushell et al. 1994; Xie and Wang 1996; Zhou et al. 1997; de Zengotita et al. 2000) , focusing on boosting the exponential cell growth has been proven to be more efficient for JJ-1 cells because of their much less product accumulation afterwards.
In order to promote the exponential cell growth, the stoichiometrical relationships between the consumptions of amino acids and glucose uptake were studied in both batch and fed-batch cultures to balance the compositions of amino acids in the feeding solution. A series of limiting factor screening experiments further led to the conclusions that cations Ca 2+ and Mg
2+
were constitutive for the cells and had the highest possibility to cause limitations on cell growth among the five nutrient groups tested. However, considering the possibilities to cause hazardous consequences by these two cations at elevated concentrations, such as cell aggregations, toxicities and incompatibilities with the other electrolytes in aqueous solutions (Mckeehan et al. 1981 ; Morton 1981) , an independent feeding of a CaCl 2 and MgCl 2 concentrate was implemented to the fed-batch culture. With the dual feeding of an amino acid balanced medium together with the concentrates of four nutrient groups, and a concentrated CaCl 2 and MgCl 2 solution, the execution of fed-batch process was able to extend the duration of exponential growth to achieve 7.04 · 10 6 and 9.12 · 10 6 cells ml -1 for viable and total cell densities respectively, and to increase the MAb production to 707 mg l -1
. These results represented significant improvements in both cell growth and MAb production over those obtained in the initial serum supplemented batch culture ( Fig. 7a and b) . Table 2 summarizes the results and kinetic parameters obtained for JJ-1 cells in batch and fed-batch cultures in serum supplemented and chemically defined protein-free media. Although there was a general decrease in the specific growth rate (l) in the protein-free media, there is no doubt that the general increases in the yield for growth-associated antibody production (k 1 ) and specific productivity (k 1 l) also contributed to the product formation in addition to the improved cell growth. In this study, the level of glucose in the media was chosen as the process parameter to monitor and manually control the progression of fed-batch cultures. The subsequent consequences of this feeding strategy were the exposure of the cells to gradually increasing concentrations of glucose and glutamine as the cultures proceeded. Significant accumulations of lactate and ammonium were caused as the results of inefficient utilizations of these two substrates. The situation is expected to be improved by the use of automatic feeding to more precisely maintain the concentrations of nutrients in the media. Another important lesson learned from this study is that the cells may have changing requirements for nutrients in relation to glucose uptake as the optimization of media evolves. For example, the demands on amino acids arginine, leucine, isoleucine, serine, threonine and valine increased dramatically from FB01 to FB03. The situation would possibly become even more complicated when the utilizations of glucose and glutamine became less and less efficient as the fedbatch process went on. This may further emphasize the importance of more precise control of nutrient concentrations in fed-batch cultures. 
